Abstract. Phosporothioate oligonucleotides represent an important class of therapeutic oligonucleotides, in which none-bridging oxygen atoms of the phosphate groups are replaced by sulfur. These oligonucleotides are designed to treat disease by modulating gene expression of an affected individual. As the development and application of these therapeutical oligonucleotides require analytical support, the development, validation, and application of an assay for the quantitative analysis of a phosporothioate oligonucleotide in rat plasma is described. The method employs ion-pair reversedphase chromatography on a monolithic capillary column with acetonitrile gradients in cyclohexyldimethylammonium acetate for separation and high-resolution tandem mass spectrometry for detection of nucleic acids. Chromatographic parameters (i.e. column temperature, mobile phase composition) as well as mass spectrometric parameters (i.e. spray voltage, gas flow, and capillary position, scan mode) have been optimized for sensitive oligonucleotide quantification. Furthermore, a solid-phase extraction method was developed which enabled processing of 10 μl of plasma. The five-point calibration curve showed linearity over the range of concentrations from 100 to 1,000 nM of the oligonucleotide. The limit of detection was 50 nM. The intra-and inter-day precision and accuracies were always better than 10.2 %. Using this assay, we performed a pharmacokinetic study of the phosporothioate oligonucleotide in rat treated with a single intravenous dose of 0.39 μmol/kg. The assay sensitivity was sufficient to study the early phase elimination of the oligonucleotide. Small amounts of the oligonucleotide were detectable up to 3 h after dosing.
INTRODUCTION
Therapeutic oligonucleotides are short nucleic acid molecules designed to treat disease by modulating gene expression of an affected individual (1) . Currently, there are two DNA therapeutics approved by the US Food and Drug Administration. Fomivirsen is an antisense oligonucleotide for the treatment of cytomegalovirus (2) . Pegaptanib is an aptamer for the treatment of neo-vascular age-related macular degeneration (3) . Many more oligonucleotide therapeutics have been or are currently being used in human clinical trials to treat a wide range of diseases, including cancer, infectious disease, neurodegenerative disorders, and cardiovascular disorders (4) .
Virtually all methods available to manipulate gene expression rely on some type of nucleotide sequence recognition for targeting specificity, but differ as to where and how they perturb the flow of genetic information (1, 5) . Anti-gene as well as antimRNA strategies have been developed. Despite considerable success of the anti-gene approaches, anti-mRNA approaches are more attractive, because mRNA, unlike the DNA of a given gene is accessible to attack while being transcribed, processed, transported, or translated. A commonly applied anti-mRNA strategy is the antisense strategy, which is based on hybridization of the mRNA of the targeted gene with a reverse complementary nucleic acid therapeutic. Stable mRNA-antisense duplexes can interfere with splicing, block translation, or lead to the destruction of the mRNA by binding of endogenous nucleases.
Therapeutic oligonucleotides are routinely modified to improve bioavailability, to enhance stability against degradation by exonucleases and endonucleases, and to increase the binding affinity to the targeted mRNA molecule (6, 7) . Backbonemodified oligonucleotides are referred as antisense agents of the first generation. The substitution of an oxygen of the phosphate by sulfur is an easy way to improve performance. Such oligonucleotides are well absorbed from parenteral sites, distribute broadly to all peripheral tissues, do not cross the blood-brain barrier, and are eliminated primarily by slow metabolism. Most of the antisense oligonucleotides currently tested in various phases of clinical trials belong to this group of molecules. More recently introduced modifications include 2′-O-Me modification, 2′-F-substitution, methylphosphonate modification, locked nucleic acids, as well as peptide nucleic acids.
For successful drug development and application, reliable quantitative methods are obligatory that enable purity testing of drug products, therapeutic drug monitoring as well as the determination of pharmacokinetic and pharmacodynamic parameters. Commonly applied techniques for qualitative and quantitative analysis of therapeutic oligonucleotides include immunoassays, quantitative polymerase chain reaction, electrophoresis, liquid chromatography (LC), mass spectrometry (MS), and combinations thereof (4, (8) (9) (10) (11) (12) (13) . Particularly immunoassays provide very low detection limits. These methods, however, often cannot distinguish full-length oligonucleotides from their metabolites giving rise to overestimation of the parent drug. LC/ MS techniques provide the most accurate and most thorough characterization of oligonucleotides particularly useful for metabolite profiling. Several methods for oligonucleotide quantitation in biological matrixes using LC/MS with solid-phase extraction (SPE) or phenol/chloroform liquid-liquid extraction have been reported in literature (14) (15) (16) (17) (18) (19) (20) (21) . Most of the reported assays encountered problems either with MS (e.g. multiple charging, cation adduction), with LC (e.g. oligonucleotide affinity to exposed silica, low retention, low separation efficiency, carryover effects) or with sample preparation (e.g. analyte oxidation, high protein binding, nonspecific binding of analyte to containers). Although some of these problems have already been addressed and solved, the development of a reliable and robust LC/MS method for the quantitative analysis of oligonucleotides still seems to be more of an art than routine work.
We herein report on the development, validation, and application of a LC/MS method for the quantification of a phosphorothioate oligonucleotide in rat plasma. The core technology represents a well-established LC/MS assay dedicated to the characterization of genetic variability which uses ion-pair reversed-phase chromatography on a monolithic capillary column with acetonitrile (ACN) gradients in cyclohexyldimethylammonium acetate (CycHDMAA) for separation and electrospray ionization (ESI) time-of-flight MS for detection and characterization of nucleic acids (22) (23) (24) . Development steps taken to adapt the method for oligonucleotide quantification will be described. Impact of chromatographic as well as mass spectrometric parameters on separation efficiency and detection sensitivity will be discussed. Furthermore, an extraction method will be presented that allows processing of only 10 μl of plasma enabling the application of the assay for pharmacokinetic studies of a model phosphorothioate oligonucleotide in rats.
EXPERIMENTAL SECTION
Reagents ACN (HPLC gradient grade) was obtained from Fisher Scientific (Wholen, Switzerland). Ascorbic acid was obtained from Sigma Aldrich (St. Louis, MO, USA). A 1.0 M stock solution of CycHDMAA was prepared by titration of cyclohexyldimethylamine (CycHDMA, Fluka, Buchs, Switzerland) with acetic acid (Fluka) at 5°C until pH 8.4 was reached. A 1.0 M stock solution of triethylammonium acetate (TEAA) was prepared by titration of triethylamine (Fluka) with acetic acid (Fluka) at 5°C until pH 8.4 was reached. For preparation of all solutions, HPLC grade water (Sigma Aldrich) was used. The following oligonucleotides were purchased from Microsynth (Balgach, Switzerland): a 24-mer deoxythymidine oligonucleotide ((dT) 24 ), 16-mer phosphorothioate oligonucleotide (PTO) with the sequence 5′-CTG ATA AGA TTT TCAT-3′. The PTO has been used in previous studies to test thiolated particles as an adjuvant for the nasal delivery of antisense oligonucleotides (25, 26) .
Pharmacokinetic Study in Rats
The protocol for the in vivo studies on animals was approved by the Animal Ethical Committee of Vienna (Austria) and adheres to the Principles of Laboratory Animal Care. In vivo studies were performed on male Sprague-Dawley rats weighing 200-250 g. Three rats were used. Rats were fasted 2 h before administration and then for additional 2 h during the experiments but had free access to water. Intravenous solutions of the PTO (dose, 0.39 μmol/kg) were injected into a tail vein. About 150 μl of blood samples was taken via the tail vein at 0 (predose), 1, 15, 45, 90, 180 min after the administration of the oligonucleotide. After centrifugation, plasma was collected and stored at −20°C till further analysis.
Preparation of Standard and Quality Control Samples
For calibrators, stock solutions containing 528 μM of the PTO or 250 μM of (dT) 24 were prepared in water and stored at −20°C until use.
The working standard of PTO (10 μM) was prepared daily by independent dilutions of the stock solutions with water. The working solution of (dT) 24 was prepared by diluting the stock solution with water to a final concentration of 10 μM. Calibration samples were prepared by spiking 10 μl of pooled plasma with 4.0 μl (dT) 24 working solution and aliquots of the working calibrator solutions (100, 250, 500, 750, 1,000 nM).
Quality control (QC) samples were prepared in a similar manner starting with independently prepared stock solutions. Ten micro-liter of pooled plasma samples (1.0 ml) were spiked with 4.0 μl (dT) 24 working solution as well as aliquots of the PTO working solution to obtain concentration levels of 250 and 750 nM. QC samples were stored at −20°C until use.
Sample Preparation
Before use plasma samples were allowed to equilibrate to room temperature. Ten micro-liter of plasma sample was mixed with 11 μl of water and 25 μl of 1 M TEAA. To each sample, 4.0 μl (dT) 24 working solution was added yielding a final concentration of 4.0 μM. Next, plasma samples were vortexed and extracted. SPE was accomplished on a reversedphase polymeric sorbent (Oasis HLB μElution Plate, 2 mg sorbent, 30 μm particle size, Waters, Milford, MA, USA). Prior to use, cartridges were conditioned with 1 ml ACN and equilibrated with 1 ml 0.1 M TEAA. After loading, columns were washed with 0.5 ml 0.1 M TEAA. Columns were eluted with 100 μl of water/ACN (1/1). To reduce the ACN content in the eluates, the volume was reduced to 40 μl using a stream of nitrogen. Samples were immediately analyzed after the addition of 10 μl 5 mM aqueous ascorbic acid solution.
Liquid Chromatography-Mass Spectrometry
A fully integrated capillary HPLC system (Ultimate system, LC-Packings, Amsterdam, the Netherlands) was used for all chromatographic experiments. A Famos microautosampler (LCPackings) equipped with a 2 μl loop was used for sample injection. The 50×0.2 mm inner diameter (i.d.) monolithic capillary column was prepared according to the published protocol (27) . The flow rate was set to 2.0 μl/min. Column temperatures of 70°C were applied. Mobile phases for chromatographic separation were prepared by diluting the stock solution of CycHDMAA to 1-50 mM with water and ACN. Different amounts of ascorbic acid (0-2.5 mM) were added to the mobile phase and the sample solvent. After injection, the column was washed with a 1-50 mM aqueous solution of CycHDMAA containing 5 % ACN for 3.0 min. Separation of the oligonucleotides was accomplished with a gradient of 5-95 % ACN in 1-50 mM CycHDMAA within 7-10 min. The eluting nucleic acids were detected online by ESI-MS, which was performed on a quadrupole-quadrupole-time-of-flight instrument (QSTAR XL, AB Sciex, Foster City, CA, USA) equipped with a modified TurboIonSpray source (22, 28) . Optimization of instrumental parameters and mass calibration were performed in the negative ion mode by infusion of 5 μM solutions of (dT) 24 or the PTO in 25 mM aqueous CycHDMAA containing 50 % ACN at a flow rate of 2.0 μL/min. Cations present in the oligonucleotide solutions were removed by on-line cation-exchange using a 20×0.50 mm i.d. cation-exchange microcolumn packed with 38-75 μm Dowex 50 WX8 particles (Serva, Heidelberg, Germany) (29) . The spray voltage was set to 4.0 kV. Gas flows of 5 arbitrary units (nebulizer gas) and 35 arbitrary units (turbo gas) were employed. The temperature of the turbo gas was adjusted to 200°C. The accumulation time was set to 1 s. Mass spectra in MS mode were typically recorded in the range between 900 and 2,000. For selected ion monitoring (SIM) experiments, the 4-times negatively charged ion of (dT) 24 and the 3-times negatively charged ion of the PTO were scanned. For tandem mass spectrometric experiments, the 4-times negatively charged ion of (dT) 24 and the 3-times negatively charged ion of the PTO were selected. The collision gas (N 2 ) flow was set to 5 arbitrary units, and collision voltages of −60 V for (dT) 24 and −40 V for the PTO were applied. Full tandem mass spectra were recorded in the range between 100 and 2,500. Selected reaction monitoring (SRM) was performed using the precursor-to-product ion transitions 1,808>625 for (dT) 24 and 1,702>722 for the PTO. Chromatograms and mass spectra were recorded on a personal computer operating with the Analyst QS software (1.0, service pack 8 and Bioanalyst extension, AB Sciex).
Method Validation
The following validation parameters were evaluated for the developed LC/MS/MS method: selectivity, linearity, accuracy and precision, limit of quantification, recovery and matrix effects, and carryover.
Selectivity was evaluated by analyzing independent blank plasma samples. To demonstrate the lack of response in blank matrix, plasma samples from three donors were processed with and without the addition of (dT) 24 .
Calibration was evaluated by analyzing three replicates of spiked plasma samples representing 100, 250, 500, 750, 1,000 nM solutions of the PTO. The obtained data were used to build a calibration curve by taking the peak area ratio for the PTO to (dT) 24 versus the concentration of the sample. An un-weighted linear, least squares regression model was chosen tofit the calibration curve with the accuracy (bias) and precision data in the required acceptances limits (bias: ±15 % and ±20 % near the lower limit of quantification (LLOQ); precision: 15 % and 20 % near the LLOQ).
Accuracy and precision of the method were assessed by analyzing QC samples (250 and 750 nM PTO) on five consecutive days. The accuracy was determined by calculating the relative error. For acceptance QC should fall within ±15 % of nominal LLOQ. The inter-day precision was specified as relative standard deviations (RSD). For acceptance, RSD values should not exceed 15 % LLOQ.
The quantitative assessment of matrix effects (ME) and extraction recoveries (ER) was performed according to the method proposed by Matuszewski et al. (30) . The concentration of the PTO was 1,000 nM; the concentration of (dT) 24 was 4.0 μM. Samples included non-matrix-prepared samples, postextraction spiked samples, and pre-extraction spiked samples. In each case, three replicates were analyzed. ER were determined by comparing pre-extraction spiked samples and post-extraction spiked samples. ME were tested by comparing post-extraction spiked samples and non-matrix-prepared samples.
For evaluation of carryover effects, the calibrator with the highest concentration and a blank sample were analyzed in two consecutive LC/MS/MS runs. For acceptance, the peak areas of the blank sample should not exceed 20 % of the peak areas obtained at the LLOQ.
RESULTS AND DISCUSSION
Quality Control of the PTO Phosporothioate oligonucleotides are synthetic oligonucleotides, in which one none-bridging oxygen atom is replaced by sulfur. They are usually produced with a modified phosphoramidite method of solid-phase synthesis (31, 32) . During every cycle of synthesis the oxidation of the internucleotide O-Me phosphite is replaced by sulfurization. The sulfurization step can be programmed into automated solid-phase oligonucleotide synthesizers allowing the synthesis of therapeutic oligonucleotides from nanomole to millimole scale.
Efficiency of automated solid-phase synthesis of oligodeoxynucleotide sequences is usually excellent. Nevertheless, contamination of the target sequence with truncated sequences, partially deprotected sequences as well as partially desulfurized species can be observed (28, (33) (34) (35) . Therefore, prior to use, we decided to check the quality of the purchased oligonucleotide with MS. In Fig. 1 , mass spectra obtained from quality control experiments of two different batches of synthesis are shown. In both cases, signals corresponding to the 3-times negatively charged molecular ion of the target sequence were detected. Due to the high resolution of the time-of-flight mass analyzer (m/Δm>15,000, m is the measured mass and Δm the full peak width at half-maximum), isotopic patterns were resolved. In the first batch, a considerable amount of side-products were detected (Fig. 1a) . These species represented partially desulfurized oligonucleotides, which are commonly observed impurities of synthetic phosporothioate oligonucleotides (32, 36) . The other batch hardly contained any desulfurization product (Fig. 1b) and was, therefore, used as sample for the in vivo experiment and as standard for quantitative analysis, respectively.
Method Development
For quantitative analysis of the PTO in rat plasma an LC/MS method was developed. Liquid chromatography was used to purify and fractionate the nucleic acids. LC is particularly useful to remove cations, which is a prime requisite to obtain mass spectra of high quality from nucleic acids. MS is used as sensitive and specific detector. Depending on the scan mode applied, nucleotide composition and/or sequence information can be obtained allowing the characterization of targeted as well as altered nucleic acid molecules. Thus, in the context of therapeutic oligonucleotide analysis MS can be applied for drug monitoring and metabolite identification.
In the experimental setup developed, ion-pair reversed-phase chromatography was applied for chromatographic separation. Monolithic capillary columns (50×0.2 mm i.d.) comprising a single piece of a continous styrene-divinylbenzene copolymer were used as stationary phase. These chromatographic columns are known to exhibit high mechanical and chemical stability as well as excellent chromatographic performance (27, 37, 38) . The capillary format is particularly useful to improve the sensitivity of the LC/MS method. Thus, by keeping the injected volume constant, lower limits of detection in terms of sample concentration can be reached. Theoretically, chromatographic columns with i.d. of 200 μm offer a gain of detection sensitivity of 40,000 in comparison to classical 4 mm columns. CycHDMAA was selected as ion-pair reagent (23) . CycHDMA exhibits a comparably higher affinity to the stationary phase than butyldimethylamine or triethylamine. Thus, with CycHDMAA a significant higher content of ACN in the mobile phase is necessary to elute nucleic acids from the chromatographic column. This is advantageous because the higher content of organic solvent can improve desolvation efficiency during ESI leading to improved ionization efficiency and improved detection sensitivity (39, 40) . Other chromatographic parameters were optimized during method development.
Chromatographic separations were performed at 70°C because elevated temperatures give rise to improved separation efficiency and have a positive effect on desalting efficiency (41) . Phosphorothioate oligonucleotides can undergo partial desulfurization getting in contact with oxidizing agents (42) (43) (44) . To prevent unwanted PTO oxidation, we decided to add the potent antioxidant ascorbic acid to the mobile phase as well as to the sample solution.
The impact of the addition of various amounts of ascorbic acid to the mobile phase on the detectability of different charge states of the PTO is shown in Fig. 2a . Peak areas extracted from selected ion chromatograms were used to compare detection sensitivities. Up to 100 μM ascorbic acid only marginal effects were observed. The peak area of 3− remained almost constant; the decrease of the [PTO-4H] 4− peak area was less than 10 %. Higher ascorbic acid concentrations, however, led to a more then 30 % reduction of peak area and should be avoided. In all cases, the 4-times negatively charged ion was more affected than the 3-times negatively charged ion. The addition of ascorbic acid seems to induce "charge state reduction" (45, 46) , which partially compensated the negative effect of ascorbic acid addition on ionization efficiency for [PTO-3H] 3− . Both effects, charge state reduction and ion suppression, can be explained by a decrease of pH as well as an increase of ionic strength in the mobile phase due to the addition of ascorbic acid.
The impact of the addition of various amounts of ascorbic acid to the sample solvent on detection sensitivity of the PTO and (dT) 24 is shown in Fig. 2b . For both oligonucleotides a more than 80 % gain of the peak area was obtained with 1.0-1.75 mM ascorbic acid. Somehow, ascorbic acid seems to "protect" the oligonucleotides during their transfer from the sample vial to the chromatographic column.
The concentration of the ion-pair reagent in the mobile phase was the final parameter of the chromatographic system that was optimized. From the chromatographic point of view, rather high concentrations of an amphiphilic ammonium ion are recommended. Such mobile phases, however, are incompatible with mass spectrometric detection. The most practical way to improve ionization efficiency is based on the reduction of the ion-pair reagent concentration in the solvent down to 10-50 mM (40, 41, 47) . Low-concentration solvents usually allow high sensitive detection at a moderate loss of chromatographic performance. To assess the impact of the CycHDMAA concentration on mass spectrometric detection, solvents containing 1-50 mM of the ion-pair reagent were tested. The results are summarized in Fig. 3 . Best performance was obtained with 10 mM CycHDMAA. This observation is in full accordance with results obtained for LC/MS analysis of polymerase chain reaction products (41) .
A very important parameter for successful mass spectrometric analysis of nucleic acids is tuning of the instrument. Typically, instrumental settings obtained with factory protocols based on the direct infusion of suitable compounds (i.e. caffeine, small peptides, polyethylene glycol) differ significantly from those obtained by fine tuning using oligonucleotides as tuning substances (35, 48) . For instance, parameters to maintain a stable electrospray (spray voltage, gas flow, and capillary position) strongly depend on the composition of the electrosprayed solvent, and thus, the tuning procedure needs to be performed with the tuning substance dissolved in the mobile phase used later for chromatographic separation. Therefore, we decided to use a 5 μM solution of the PTO in 25 mM aqueous CycHDMAA containing 50 % ACN for instrument tuning. A mass spectrum obtained with optimized settings is depicted in Fig. 4 . The 3-times negatively charged ion showed the highest abundance. Besides the PTO, lowabundant signals arising from nucleobase loss as well as CycHDMA adduct formation were detected. Both species represent artifacts produced during the ESI process. Base loss is generated by unintended collision induced decomposition of the oligonucleotide during formation and transfer of the ions to the mass analyzer. The CycHDMA adducts are formed during chromatography. They are usually cleaved in the gas phase by the same processes that are responsible for base loss. Accordingly, instrumental parameters need to be optimized in a way that minimal base loss and maximum decomposition of ammonium ion adducts are observed. With a properly tuned instrument base loss signals as well as adduct signals will exhibit relative intensities of less than 5-10 % and thus will hardly impair detection sensitivity.
The scan mode is another mass spectrometric parameter that needs to be carefully selected to ensure high selectivity and low detection limits. Three modes of operation enabled by the quadrupole-quadrupole-time-of-flight instrument were tested. For SIM experiments, the 3-times negatively charged ion of the PTO was scanned. For full scan tandem mass spectrometry (MS/MS) experiments, the 3-times negatively charged ion of the PTO was selected for fragmentation. SRM was performed using the precursor-to-product ion transition 1,702>722 for the PTO. Reconstructed ion chromatograms obtained from the analysis of 250 fmol PTO with the three different scan modes are shown in Fig. 5 . Best performance in terms of signal intensity as well as signal-tonoise ratio was obtained with the full scan MS/MS mode. A drawback of the full scan MS/MS mode is that all compounds sharing the precursor ion mass-to-charge ratio (m/z) with the PTO will give rise to peaks in the chromatogram. Such a compound was present in the sample analyzed (Fig. 5b) . The impurity, however, was distinguishable from the PTO based on the retention time, the exact precursor ion mass as well as the fragmentation pattern. The two compounds did not share the precursor-to-product ion transition 1,702>722 used for SRM of the PTO (Fig. 5c) . Thus, SRM provided best selectivity. Nevertheless, as full scan MS/MS seems to provide better detection sensitivity than SRM, full scan MS/MS was selected as scan mode for the quantitative assay. If improved selectivity would have been needed to identify an impurity, full scan MS/MS data could be converted into SRM data by extracting ion traces of selected fragment ions.
For processing of plasma samples, an SPE method was developed. SPE was accomplished on a reversed-phase polymeric sorbent. Binding of the nucleic acids to the extraction material was accomplished by ion pairing with TEAA. For elution, mixtures of water and ACN (1:1) were used. This solvent was found to provide good recoveries and seems to allow good separation of nucleic acids from more hydrophobic matrix components. We observed severe sample loss by evaporation to dryness (20) . Thus, the ACN content was reduced by partial evaporation using a stream of nitrogen to prepare the eluat for injection into the LC/MS system. To evaluate the performance of the extraction method applied, ER and ME were determined. ER values were assessed by comparing the signal response of post-extraction spiked samples and pre-extraction spiked samples using three different plasma lots. The determined extraction recoveries were 30 % for (dT) 24 and 48 % for the PTO. The obtained ER values are below the minimum value of 50 % recommended for quantification of small bioorganic molecules (49) . With respect to SPE of oligonucleotides, ER seem to be quite excellent (13) . ME values were determined by comparing the signal response of post-extraction spiked samples and non-matrixprepared samples. The determined changes of peak areas cause of matrix-related ionization effects were 10 % for (dT) 24 and 21 % for the PTO. Obviously, the matrix causes a moderate enhancement of ionization efficiency.
In Fig. 6a , representative reconstructed ion chromatograms of (dT) 24 and the PTO obtained from the analysis of a processed plasma sample are depicted. Total run time was 15 min. Resolution of the two species almost down to baseline was achieved. The oligonucleotides eluted at 8.6 and 8.9 min, respectively.
Method Validation
To evaluate the usability of the developed LC/MS/MS method for the quantification of the PTO in rat plasma, the following validation parameters were determined: selectivity, linearity, accuracy, and precision, limit of quantification, recovery, and matrix effects (see above), and carryover.
To assess the selectivity of the assay, processed plasma samples from three different sources were surveyed in full scan MS mode and MS/MS mode for interfering peaks from matrix compounds. In both modes, no peaks interfering with the PTO or (dT) 24 were detected.
Calibration curves were found to be linear over a concentration range of 100-1,000 nM. The mean correlation coefficient (r 2 ) was >0.99. The average error of back calculated concentration values was comprised in the range of ±8.1 %. The RSD was always smaller than 10.2 %. Accordingly, the lowest calibrator level was defined as LLOQ. The rather narrow dynamic range of the developed LC/MS/MS can be explained by the use of a rather old fashioned time-of-flight instrument (50) . Such an instrument uses a detection system that is sensitive to saturation effects. This problem, however, has been overcome recently. Thus, a more modern instrument would have offered increased linearity and sensitivity.
On the basis of a signal-to-noise level above 3:1 (Fig. 6b) , the limit of detection (LOD) was found to be 50 nM. Lower LOD values (∼0.5 nM) have been reported for another assay (21) . Thus, the developed method seems to be two orders of magnitude less sensitive than the most sensitive assay available. If for instance the differences in processed plasma volume (10 vs. 200 μl) and injection volume (2 vs. 20 μl) are taken into account, then our assay provides nearly the same detection sensitivity as the reported assay. Different strategies can be envisioned to improve the LOD of the presented assay. One strategy would make use of more sensitive mass spectrometric methods. SRM experiments on a triple quadrupole instrument, for instance, are considered to provide lower LOD. Another possible strategy would involve modification of the SPE method applied. In the protocol developed, 10 μl of plasma yielded 50 μl of eluate. As only 2 μl were injected onto Fig. 6 . Reconstructed ion chromatograms of two plasma samples processed after the addition of 4 μM (dT) 24 as well as a 1,000 nM or b 50 nM PTO, respectively. Column, continuous styrene-divinylbenzene copolymer, 50×0.20 mm i.d.; mobile phase, (A) 10 mM CycHDMAA, pH 8.4, 100 μM ascorbic acid, (B) 10 mM CycHDMAA, pH 8.4, 100 % ACN, 100 μM ascorbic acid; linear gradient, 5 % B for 3 min, 5-95 % B in 7 min; flow rate, 2 μl/min; temperature, 70°C; scan mode, MS/MS; sample, processed plasma samples the chromatographic column, extended desolvation of the eluate could have been used to increase concentration and to improve detection sensitivity. Furthermore, as 80-100 μl were available it would have been possible to reach lower LOD by increasing the volume of plasma extracted. With the current setup, however, modification of the SPE protocol will result in an undesired shift of the whole calibration range giving rise to a simultaneous decrease of the lower and upper limits of quantification. Accordingly, the implementation of mass spectrometric detection systems that are able to extend the calibration range in both directions would represent the most appropriate approach to increase the capabilities of the developed assay.
Accuracy and precision were assessed by analyzing QC samples at two concentration levels on five consecutive days. The average errors were 3.9 % and −11.3 %, respectively. The inter-day precisions were found to be 5.0 % and 12.2 %, respectively. Accordingly, the method can be rated accurate and precise. Carryover was determined by analyzing a blank sample immediately after the highest concentration level. No carryover was observed.
Pharmacokinetic Study
The developed LC/MS/MS method was applied for quantification of the PTO in three rats after a single intravenous administration of 0.39 μmol/kg. Plasma samples were collected 0 (predose), 1, 15, 45, 90, 180 min after injection of the oligonucleotide. Plasma samples with concentration beyond the upper limit of quantification (1,000 nM) were diluted with the corresponding predose sample to enable accurate quantification. The mean plasma concentration versus time profile is depicted in Fig. 7 . A twocompartment model with first order elimination was used to fit the data. The PTO has α and β half-lives of 3.8 and 69 min, respectively. The mean C max was found to be 5.6 μM. The area under the curve (AUC 0 −∞ ) determined by the trapezoidal rule was 110 μM min. The mean total body clearance was 3.5 ml/kg/min. The apparent volume of the central compartment (V c ) was 64.8 ml/kg and the appearant volume in the β-phase (V β ) was 310 ml/kg. Approximately 180 min post-dose, plasma PTO levels reached the LLOQ of the assay.
The obtained pharmacokinetic data on intravenous administration of the PTO will be of importance in a subsequent study on the use of thiolated particles as an adjuvant for the nasal delivery of antisense oligonucleotides (25, 26) . The goal of this study will be to assess the permeation-enhancing properties of synthesized particles as well as to determine the nasal bioavailability of the PTO in rats.
Besides quantification of the PTO, we were also interested in identifying its metabolites. For this purpose, a plasma sample collected 15 min after PTO administration was processed without internal standard addition and analyzed by LC/MS (Fig. 8) . The obtained mass spectrometric information enabled the identification of five metabolites (3′ N-1 to 3′ N-5) which were produced by subsequent cleavage of nucleotides from the 3′-end of the PTO. Thus, based on these results, metabolism of the PTO mainly involves 3′-exonuclease cleavage, which is consisted with the metabolism of other antisense oligonucleotides (19) . 
CONCLUSIONS
Due to the offered selectivity, LC/MS is regarded as proper tool for the analysis of therapeutic oligonucleotides. Reports on routine analysis, however, are rare. It seems as if the development of robust, reliable, and sensitive methods for the quantification of oligonucleotides in biological samples is still a challenging task. To provide guidance for proper choice of experimental parameters for extraction, chromatography, and mass spectrometry, individual steps necessary for the successful development of a quantitative LC/MS/MS method have been described herein. The presented setup uses ionpair reversed-phase chromatography on a monolithic capillary column with ACN gradients in CycHDMAA for separation and high-resolution MS/MS for detection of nucleic acids. The SPE method allowed processing of 10 μl of plasma, which enabled application of the assay to a pharmacokinetic study in rat. The sensitivity was sufficient to study the early phase elimination of the oligonucleotide; small amounts of the oligonucleotide were detectable up to 3 h after dosing.
The developed LC/MS/MS assay as well as the determined pharmacokinetic data will represent integral parts of a study on the use of thiolated particles as an adjuvant for the nasal delivery of antisense oligonucleotides (25, 26) . Both will be used to assess the permeation-enhancing properties of synthesized particles as well as to determine the nasal bioavailability of the PTO in rats.
